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We propose a long-term strategy for detecting thermal neutrinos from the remnant of binary
neutron-star mergers with a future M-ton water-Cherenkov detector such as Hyper-Kamiokande.
Monitoring & 2500 mergers within . 200 Mpc, we may be able to detect a single neutrino with a
human time-scale operation of ≈ 80 Mt years for the merger rate of 1 Mpc−3 Myr−1, which is slightly
lower than the median value derived by the LIGO-Virgo Collaboration with GW170817. Although
the number of neutrino events is minimal, contamination from other sources of neutrinos can be
reduced efficiently to ≈ 0.03 by analyzing only ≈ 1 s after each merger identified with gravitational-
wave detectors if gadolinium is dissolved in the water. The contamination may be reduced further
to ≈ 0.01 if we allow the increase of waiting time by a factor of ≈ 1.7. The detection of even a
single neutrino can pin down the energy scale of thermal neutrino emission from binary neutron-
star mergers and could strongly support or disfavor formation of remnant massive neutron stars.
Because the dispersion relation of gravitational waves is now securely constrained to that of massless
particles with a corresponding limit on the graviton mass of . 10−22 eV/c2 by binary black-hole
mergers, the time delay of a neutrino from gravitational waves can be used to put an upper limit of
. O(10) meV/c2 on the absolute neutrino mass in the lightest eigenstate. Large neutrino detectors
will enhance the detectability, and, in particular, 5 Mt Deep-TITAND and 10 Mt MICA planned in
the future will allow us to detect thermal neutrinos every ≈ 16 and 8 years, respectively, increasing
the significance.
PACS numbers: 04.30.Tv, 14.60.Pq, 95.85.Ry
I. INTRODUCTION
The discovery of GW170817 marked an opening
of multimessenger astronomy with binary neutron-star
mergers [1, 2]. Gravitational waves driving the merg-
ers are important targets for ground-based detectors
such as Advanced LIGO and Advanced Virgo and en-
able us to study the equation of state of supranuclear
density matter [1]. Differently from binary black holes,
binary neutron stars can also become bright in elec-
tromagnetic channels [3, 4]. The merger remnants are
the prime candidate for the central engine of short-
hard gamma-ray bursts [5–8] as has already been sug-
gested by association of GRB 170817A with GW170817
[9] (but see Refs. [10, 11]). Binary neutron stars should
also eject neutron-rich material during the merger and
postmerger phases, and this material will be synthe-
sized to heavy neutron-rich nuclei, namely the r -process
elements [12, 13]. This scenario is supported by de-
tections of electromagnetic counterparts consistent with
the macronova/kilonova, an optical-infrared transient
powered by decay of the r -process elements [14], after
GW170817 (see, e,g., Ref. [2]).
Signals from binary neutron-star mergers are not lim-
ited to gravitational and electromagnetic radiation. Be-
cause the violent merger heats up the high-density ma-
terial, thermal neutrinos with & 10 MeV should also be
emitted from the remnant of binary neutron-star mergers
[15–17].
While direct detections of thermal neutrinos could be
an important step toward understanding the realistic
merger process as well as their impact on gamma-ray
bursts [18, 19] and r -process nucleosynthesis [20, 21],
they are quite challenging. On one hand, as we will see
later, the detection is hopeless for a single merger at a dis-
tance& 100 Mpc where the mergers are expected to occur
more than once a year [22, 23]. On the other hand, “the
diffuse neutron-star-merger neutrino background,” i.e.,
superposition of neutrinos from all the binary neutron-
star mergers throughout the Universe, is inevitably hid-
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2den by the diffuse supernova neutrino background also
known as supernova relic neutrinos (see Ref. [24] for re-
views), because the rate of supernovae must be higher by
a few orders of magnitude than that of binary neutron-
star mergers. However, we would like to stress again that
detecting thermal neutrinos will be important to under-
stand binary neutron-star mergers accurately, as theo-
retical models of supernova explosions are qualitatively
confirmed with detections of neutrinos from SN 1987A
[25, 26].
The chance of detections lies in the gap between these
two standard ideas (see also Refs. [27–29] for a third idea
on detecting supernova neutrinos). In this paper, we pro-
pose a long-term strategy to detect thermal neutrinos
from the remnant of binary neutron-star mergers by mon-
itoring many mergers identified by gravitational-wave de-
tectors. Stacking multiple mergers is necessary except
for serendipitous nearby mergers, but careless analysis
will easily bury MeV neutrinos from binary neutron-star
mergers in those from other sources such as the diffuse
supernova neutrino background and atmospheric neutri-
nos including invisible muons (see Ref. [30] for stacking
of high-energy neutrinos). A remarkable point is that
gravitational-wave observations may determine the time
of merger to an accuracy of ≈ 1 ms. Indeed, this preci-
sion has already been realized for observed binary black-
hole mergers [31].1 By analyzing the data of neutrino
detectors only during ≈ 1 s from each merger, which is
much shorter than 1000 s adopted in current counterpart
searches with MeV-neutrino detectors [32, 33], we can
substantially reduce contamination from other sources of
neutrinos. A similar idea has been proposed for detecting
gravitational waves informed by gamma-ray bursts [34].
If the arrival time of such neutrinos with respect to the
time of merger identified by gravitational waves is suc-
cessfully determined with modest delay of 0.1–1 s, we may
be able to put an upper limit on the absolute neutrino
mass in the lightest eigenstate [35, 36] (see also Ref. [37]).
Because neutrinos have finite masses of . 0.1 eV/c2, their
travel speed is necessarily slower than the speed of light
c, where the precise value depends on the mass eigen-
state and the energy. Importantly, detections of gravita-
tional waves from binary black-hole mergers have success-
fully shown that the dispersion relation of gravitational
waves is accurately described by that of massless par-
ticles with a corresponding limit on the gravitons mass
of . 10−22 eV/c2 [31, 38], practically negligible. Thus,
the difference of arrival times between these two messen-
gers, or relative time of flight, will allow us to infer the
1 Because the gravitational-wave frequency at mergers of binary
neutron stars is likely to be higher than the values accessible by
current detectors, we might have to rely on theoretical models to
determine the time of merger in realistic situations. The time of
merger can vary by up to a few ms depending on the equation of
state of neutron-star matter. We expect that the situation will
improve by constraining the equation of state using gravitational-
wave observations themselves.
mass of neutrinos. Although chances are not necessar-
ily large, the range of accessible masses seems worth of
serious consideration.
This paper is organized as follows. First, we summa-
rize current understanding of neutrino emission from bi-
nary neutron-star mergers in Sec. II. Next, we describe
our strategy to detect thermal neutrinos from binary
neutron-star mergers in Sec. III, and the expected level
of contamination is examined in Sec. IV. Implication of
detecting thermal neutrinos is discussed in Sec. V. Sec-
tion VI is devoted to a summary. While we focus only on
binary neutron stars in this work due to their expected
dominance, it is straightforward to enhance our discus-
sion to include black hole–neutron star binaries.
II. THERMAL NEUTRINO FROM BINARY
NEUTRON-STAR MERGERS
We first summarize characteristics of thermal neutri-
nos emitted from the remnant of binary neutron-star
mergers. In this work, we focus on the case that the
lifetimes of remnant neutron stars are longer than ∼ 1 s
and thus substantial neutrino emission can be expected.
This is not for optimistic simplification, but the scenario
that we would like to verify or reject by detecting ther-
mal neutrinos. The lifetime of remnant massive neutron
stars depends on various details and can in fact be very
short [17, 39]. Fortunately, the prompt collapse to a black
hole is not very likely in light of the maximum mass of
spherical neutron stars exceeding ≈ 2M [40].
Various numerical simulations have shown that the
remnant massive neutron stars are heated up to sev-
eral tens of MeV at the collision unless the merger re-
sults in a prompt collapse [15–17]. Then, thermally-
produced electron-positron pairs are captured on nucle-
ons to emit a copious amount of electron neutrinos νe
and antineutrinos ν¯e with the rise time of . 10 ms from
the merger. In the case of binary neutron-star merg-
ers, ν¯e is brighter than νe due to the neutron rich-
ness. The peak luminosity of electron antineutrinos
reaches 1–3× 1053 erg s−1 with the typical energy 10–
30 MeV depending on binary parameters and unknown
equations of state for supranuclear-density matter [41–
44]. Pair processes such as the electron-positron annihi-
lation also emit muon and tau (anti)neutrinos. We note
that neutrino oscillations in the source region such as
the Mikheyev-Smirnov-Wolfenstein effect, bipolar oscil-
lations, and matter-neutrino resonance begin to be ex-
plored only recently for remnant massive neutron stars
[45–48]. They could reduce effective luminosity of elec-
tron antineutrinos to some extent.
So far, little is known about the realistic spectrum of
neutrinos from binary neutron-star mergers despite their
importance for quantifying the detectability. Monte-
Carlo neutrino-transport simulations suggest that the
spectrum can be approximated by pinched Fermi-Dirac
distribution for binary neutron-star mergers as in the
3case of supernova explosions [49]. However, it is difficult
to determine the degree of distortion at this stage.
The duration of neutrino emission is expected to be a
few to ten seconds unless it is shut down by the collapse
of the remnant during the hot phase due to angular-
momentum redistribution [17], whereas detailed long-
term calculations are not available beyond ≈ 0.5 s [19].
The total energy given to neutrinos is determined by hy-
drodynamic interactions and will be similar to, or moder-
ately less than, that in supernova explosions (see Ref. [50]
for reviews).
III. DETECTING THERMAL NEUTRINOS
A. Expected number of neutrino events
We aim at detecting thermally-produced neutrinos
from remnant massive neutron stars formed after bi-
nary neutron-star mergers with a water-Cherenkov de-
tector such as planned ≈ 0.37 Mt Hyper-Kamiokande
[51, 52].2 Water-Cherenkov detectors are efficient at de-
tecting electron antineutrinos via the inverse β decay,
p + ν¯e → n + e+. The expected number of neutrino
events for a single merger is estimated by
Nν = NT
∫ tf
ti
∫ Emax
Emin
φ(E, t)σ(E)dEdt, (1)
where NT is the number of target protons in the detec-
tor, E is the energy of electron antineutrinos, φ(E, t) is
the number flux of electron antineutrinos per unit en-
ergy, σ(E) is the capture cross section of an electron an-
tineutrino on a proton. The number of target protons
is given in terms of the (effective) mass of water MT as
NT ≈ (MT /mp) × (2/18) = 6.7× 1034(MT /1 Mt) with
mp the proton mass. The cross section is calculated to
various levels of approximations [53, 54], and in this study
we adopt Eq. (7) of Ref. [24],
σ(E) = 9.5× 10−42 cm2
(
E − 1.3 MeV
10 MeV
)2(
1− 7E
mpc2
)
.
(2)
Note that the positrons from inverse β decay are dis-
tributed nearly isotropically [53]. Threshold energies
{Emin, Emax} should be determined to span the range
relevant to neutrinos from binary neutron-star mergers
while suppressing contamination from other sources of
neutrinos. Threshold times {ti, tf} should be determined
to detect intense neutrino emission around the peak time,
while the level of contamination should be kept as low as
possible.
In this work, we adopt the Fermi-Dirac distribution
with temperature T and zero chemical potential, for
2 See also http://lib-extopc.kek.jp/preprints/PDF/2016/1627/
1627021.pdf for a recent design of Hyper-Kamiokande.
which the average energy of neutrinos is given by 〈E〉 ≈
3.15kBT with kB the Boltzmann constant. Thus, by ig-
noring the time dependence, the spectrum or number flux
per unit energy takes the form
φ(E) =
c
2pi2(~c)3
E2
exp[E/(kBT )] + 1
, (3)
where ~ is the reduced Planck constant. The expected
rate of neutrino events is obtained by integrating Eq. (1)
over a given energy interval, and the result is usefully
characterized by the typical energy, 〈E〉, and the leading-
order cross section (called “naive” in Ref. [54])
σLO(E) = 9.5× 10−42 cm2
(
E
10 MeV
)2
, (4)
as
dNν
dt
≈ fENT Lν
4piD2
σLO(〈E〉)
〈E〉 , (5)
where Lν is the luminosity of electron antineutrinos and
D is the distance to the source. A factor fE ∼ 1 is a
number determined by {Emin, Emax} (for the assumed
spectrum), and we show contribution from different en-
ergy ranges in Table I for various values of 〈E〉. Note that
σLO(E) is never used to compute the expected number
of neutrino events, and we use it only for normalizing
the result keeping the leading-order dependence on 〈E〉
transparent. This table shows that anywhere between
10 MeV and 50 MeV can contribute appreciably to de-
tections. Possible choices of {Emin, Emax} will be dis-
cussed later in Sec. IV along with contamination from
other sources of neutrinos.
The expected number of neutrino events is obtained
by integrating Eq. (5) in time, but time evolution of the
luminosity is not understood in detail, particularly on a
time scale of & 1 s. Here, we focus on ∆tobs ≈ 1 s from
the merger and denote the total energy of electron an-
tineutrinos emitted during ∆tobs as E∆t =
∫
Lνdt, which
may be ≈ 3× 1052 erg for moderately compact remnant
neutron stars [19].3 This restriction in time is due partly
to the lack of knowledge about long-term evolution of
the neutrino luminosity, but this is mainly intended to
reduce contamination from other sources of neutrinos in
realistic observations as described later in Sec. IV. The
total energy of neutrinos may be increased by a factor of
2–3 if we take ∆tobs ≈ 10 s as the available energy budget
suggests [17].
By regarding the typical energy of neutrinos, 〈E〉, as an
appropriate time average, the expected number of neu-
3 Note that Ref. [19] do not incorporate viscous heating, and thus
the neutrino luminosity is likely to be underestimated.
4TABLE I. Contribution to fE from different energy ranges [Emin : Emax] for a variety of the typical energy of neutrinos, 〈E〉.
Recall fE denotes the ratio of the number of neutrino interactions obtained by integrating the product of the Fermi-Dirac
distribution with typical energy 〈E〉 ≈ 3.15kBT and the cross section, Eq. (2), to the number for monoenergetic neutrinos with
〈E〉 and the leading-order cross section, Eq. (4). The final column, 10–50 MeV, is the range expected to be utilizable with
Hyper-Kamiokande with Gd dissolution [51, 55].
〈E〉 0–10 MeV 10–20 MeV 20–30 MeV 30–40 MeV 40–50 MeV 10–50 MeV
10 MeV 0.16 0.53 0.20 0.03 < 0.01 0.77
15 MeV 0.04 0.33 0.33 0.15 0.05 0.87
20 MeV 0.02 0.17 0.29 0.22 0.12 0.80
trino events for a single merger is found to be
Nν ≈ 1.0× 10−3 × fEfsefosc
(
MT
1 Mt
)(
E∆t
3× 1052 erg
)
×
( 〈E〉
10 MeV
)(
D
100 Mpc
)−2
. (6)
A fudge factor fse ≤ 1 is the event selection efficiency for
the inverse β decay, and we expect fse ≈ 0.9 and 0.67 for
Hyper-Kamiokande without and with gadolinium (Gd),
respectively [51]. Another fudge factor fosc . 1 repre-
sents the effect of neutrino oscillations. As discussed in
Sec. II, the oscillation in the source region are not fully
understood yet. Therefore, we leave incorporation of
these effects for future study and discuss only the vacuum
oscillation during the propagation. In a tri-bimaximal
mixing approximation [56], the survival probability of
electron (anti)neutrinos is given by 5/9 and the appear-
ance probability from muon and tau (anti)neutrinos is
2/9 each. Taking the lower luminosity and higher typical
energy of muon and tau (anti)neutrinos from the remnant
of binary neutron-star mergers [17, 19], we expect that
fosc is not very far from unity. We discuss time dilation
associated with the finite masses later in Sec. V B.
This estimate, Eq. (6), clearly shows that it is hope-
less to detect thermal neutrinos from a single binary
neutron-star merger except for extremely lucky stars at
. 3 Mpc. This fact has already been found in previous
work [17, 42], and we just confirm it with slightly detailed
calculations (see also Ref. [57, 58] for relevant work on
accretion flows).
B. Monitoring multiple mergers
Even though the expected number of neutrinos from a
single merger is very low, superposition of many merg-
ers gives us a fair chance of detections. As a qualitative
order-of-magnitude estimate, we expect to receive a sin-
gle thermal neutrino with probability 1− (1−Nν)1/Nν ≈
1 − e−1 = 63% with 1/Nν ≈ 1000 mergers at 100 Mpc.
The problem is that we will have to wait longer than
a decade to collect such a large number of mergers,
so that neutrinos from other sources completely over-
whelm thermal neutrinos from binary neutron-star merg-
ers. However and most importantly, if we focus only
TABLE II. Factors appearing in the estimate of the waiting
time, Eq. (8), and their origins. We also present their ex-
pected values.
Symbol Origin Expected value
fE Energy range ≈ 0.8 (see Table I)
fse Selection efficiency 0.9 (no Gd) or 0.67 (Gd)
fosc Neutrino oscillation 0.5 ∼ 1
fΩ Antenna pattern 0.8 ∼ 1
on ∆tobs ≈ 1 s after each merger using timing infor-
mation from gravitational-wave detectors, we can effi-
ciently reduce the length of data from neutrino detectors
to ≈ 1000 s in total. As we discuss later in Sec. IV, the
expected number of contamination events can be reduced
to much less than unity for this short duration. We note
that neutrino detectors do not require low-latency alerts
from gravitational-wave detectors to perform this analy-
sis [32, 33].
To assess the effectiveness of this strategy in a quanti-
tative manner, we need to take the spatial distribution of
binary neutron-star mergers into account. In this study,
we assume the effective range Deff of a gravitational-wave
detector for binary neutron stars to be 200 Mpc, which is
approximately the design sensitivity of Advanced LIGO
[22]. The detectable volume is given by 4piD3eff/3 by defi-
nition, and the detection rate of mergers is given by mul-
tiplying this volume by the merger rate per unit volume
per unit time of binary neutron stars, R, which is de-
rived to be 1.54+3.2−1.22 Mpc
−3 Myr−1 by the LIGO-Virgo
Collaboration with GW170817 [1].
The period P or exposure PMT that we have to wait
with monitoring multiple mergers to detect a thermal
neutrino is estimated by the condition
1 = PRfΩ
∫ Deff
0
Nν(D)× 4piD2dD, (7)
whereNν(D) is Eq. (6) regarded as a function ofD. Here,
we neglect the cosmological redshift and evolution history
that should be insignificant at . 200 Mpc. A factor fΩ
reflects the antenna pattern of gravitational-wave detec-
tors, i.e., dependence of the sensitivity on the sky position
and orientation of sources. We can show that fΩ ≈ 0.8
for a single detector (see Appendix A) and expect this to
approach unity for a network of detectors. Here, we ne-
glect angular dependence of neutrino emission. It should
5be cautioned that this waiting time, P , denotes not only
the operation time of the neutrino detector but also re-
quires coincident operations of gravitational-wave detec-
tors.
Solving Eq. (7), we finally obtain
PMT = 80 Mt years
×
(
fall
0.5
)−1(
E∆t
3× 1052 erg
)−1( 〈E〉
10 MeV
)−1
×
(
Deff
200 Mpc
)−1( R
1 Mpc−3 Myr−1
)−1
, (8)
where fall ≡ fEfsefoscfΩ, as a waiting exposure PMT
for detecting nonzero events of thermal neutrinos from
binary neutron-star mergers with probability 63%. If the
observation period is taken to be xP for a given value of
MT , detection probability is modified to 1 − e−x. Here,
E∆t and 〈E〉 should be regarded as values averaged over
astrophysical populations of binary neutron stars. The
meaning of factors f is summarized in Table II. We note
that the number of mergers during 80 years is ≈ 2700 and
that the expected number of nearby mergers at . 3 Mpc
is less than 0.01. As we describe in detail in Sec. IV,
focusing on ∆tobs ≈ 1 s reduces the length of data from
neutrino detectors by a factor of 2700 s/80 years ≈ 10−6
compared to a blind search, dramatically suppressing
contamination from other sources.
The period given by Eq. (8) is not very short but in the
human time scale for a ∼ 1 Mt detector. As a reference,
Hyper-Kamiokande is expected to achieve 0.37 Mt in the
near future, and another Hyper-Kamiokande is planned
to be built in Korea with 0.26 Mt [52]. One benchmark
for the acceptable waiting time is provided by Galac-
tic supernovae, which are expected to occur once in 30–
100 years. Therefore, the detection of thermal neutrinos
from binary neutron stars may be as likely as that from
Galactic supernovae, whereas the number of neutrino
events are drastically different. Another (but related)
difference is that binary neutron-star mergers will be ob-
served steadily by gravitational waves, while a Galac-
tic supernova is intrinsically rare (see also Ref. [27]).
Furthermore, the prospect for constraining the neutrino
mass can be higher for binary neutron-star mergers than
for supernovae due to longer distances as we will describe
in Sec. V B.
In this estimation as well as in Eq. (6), we made sev-
eral assumptions on astrophysical inputs such as the total
energy, typical energy, spectrum, and merger rate. The
most important assumption may be that remnant mas-
sive neutron stars do not collapse before sizable emission
of neutrinos, and this is what we would like to verify or
reject by detecting thermal neutrinos. The total energy
is uncertain by a factor of order unity even within a long-
lived remnant scenario and also depends on the duration
of each observation, which we assume to be ∆tobs ≈ 1 s.
The typical energy is also uncertain by a factor of ≈ 2.
Spectral deformation is likely to be a minor correction
that can be absorbed in the variation of fE (see Table
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FIG. 1. Detection probability of nonzero events of thermal
neutrinos as a function of time for various detector volumes.
The waiting time is normalized to our fiducial merger rate of
binary neutron stars. Other parameters are taken to be our
fiducial values shown in Eq. (8). The horizontal dotted line
indicates 1− e−1 = 63%.
I). While the merger rate is highly uncertain even after
the discovery of GW170817, the fiducial value adopted
here is on the conservative side (note also that this value
was denoted as “realistic” in Ref. [22]). In any case, the
merger rate will be understood in the near future by on-
going gravitational-wave observations. If some of these
parameters conspire, the waiting time, P , could be short-
ened by a factor of & 5.
Ultimately, a large effective volume of water- or ice-
Cherenkov detectors is highly desired to increase the like-
lihood for detecting thermal neutrinos. Figure 1 shows
the detection probability of nonzero events of thermal
neutrinos as a function of time for various detector vol-
umes with our fiducial parameters. The effective vol-
ume can be increased not only by a large detector but
also by additional detectors such as Hyper-Kamiokande
in Korea. It is conceivable that a more-than-M-ton de-
tector like Deep-TITAND [28] and MICA [29] can be
constructed within 30–100 years considered in our strat-
egy. The waiting time can be reduced to less than
10 years with MT & 8 Mt for our fiducial parameters,
and then detections of thermal neutrinos from multi-
ple binary neutron-star mergers (although one for each)
could become possible within a realistic operating time
of telescopes. For example, Baksan Underground Scin-
tillation Telescope has been running longer than 30 years
[59]. Even for such a large detector, and, in fact, irre-
spective of the detector volume, ∆tobs ≈ 1 s has to be
chosen to detect thermal neutrinos from binary neutron-
60.001
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FIG. 2. Spectrum of detected thermal neutrinos nor-
malized to a single event between 10 and 50 MeV, i.e.,∫ 50 MeV
10 MeV
(dNν/dE)dE = 1. Purple-solid, green-dashed, and
blue-dotted curves show the expected spectra at the detec-
tor for 〈E〉 = 10, 15, and 20 MeV, respectively, where we
adopt Eq. (2) as the cross section. Other parameters are
taken to be our fiducial values adopted in Eq. (8). Black
dotted curves show the expected spectrum of contamination
during a blind search of 80 years expected to be required for
a single detection (top), currently adopted ∆tobs = 1000 s for
all the mergers during this period (middle), and ∆tobs = 1 s
we proposed in this work (bottom). Specifically, we consider
invisible muons, atmospheric antineutrinos, neutral-current
quasielastic scattering, and diffuse supernova background as
the sources of contamination assuming Gd dissolution [51, 55].
The shaded area on the left approximately represents the
energy range unavailable due to the spallation background,
where the precise location of the threshold will change.
star mergers with high significance as we discuss below.
IV. CONTAMINATION
Figure 2 shows the expected spectrum of thermal
neutrinos from binary neutron-star mergers at water-
Cherenkov detectors with the same level of contamina-
tion as planned Hyper-Kamiokande with Gd dissolution
[51, 55]. To clarify dependence of the background level
on observation strategies, we plot the expected spectrum
of contamination events per single thermal neutrino for
(i) a blind search of 80 years, (ii) ∆tobs = 1000 s for each
merger, and (iii) ∆tobs = 1 s for each merger proposed in
this work. Specifically, we show the sum of decay elec-
trons from invisible muons, atmospheric antineutrinos,
neutral-current quasielastic scattering, and diffuse super-
nova neutrino background [51, 60]. All these spectra are
independent of the detector volume as far as the number
of contamination events scales linearly with the detec-
tor volume, except for the change in the waiting time
P ≈ 80 years for our fiducial parameters. If the merger
rate is changed, the level of contamination for the blind
search scales linearly with the waiting time, P , while the
spectra for ∆tobs = 1000 s and 1 s are unchanged because
of the identical number of mergers.
This figure clearly shows that the chance of detecting
thermal neutrinos arises only when we focus on a short
time interval of ∆tobs ≈ 1 s right after the merger. Oth-
erwise, for example with the currently adopted ∆tobs =
1000 s [32, 33], thermal neutrinos from binary neutron-
star mergers are heavily obscured by contamination from
other sources of neutrinos. In the following, we discuss
the expected level of contamination more quantitatively.
A. Quantitative assessment
We examine how severe contamination from other
sources of neutrinos is to detect thermal neutrinos
from binary neutron-star mergers focusing on Hyper-
Kamiokande based on Ref. [51]. Characteristics of target
neutrinos are very similar to those from supernova ex-
plosions, and thus backgrounds are basically the same
as those encountered in searches of the diffuse supernova
neutrino background [24]. This fact implies that Gd dis-
solution will significantly increase the prospect for detect-
ing thermal electron antineutrinos from binary neutron-
star mergers via tagging neutrons from inverse β decay
[55]. Important numbers are summarized in Table III
and the final paragraph of this subsection.
Without Gd, we have to cope not only with electron
antineutrinos that induce inverse β decay but also with
various sources of Cherenkov radiation. On one hand,
the lower energy threshold, Emin, will be required to be
& 20 MeV to avoid spallation products and solar neutri-
nos. As a reference, the number of solar neutrino events
in 9.0–9.5 MeV is reported to be 1350 for 0.09 Mt years
in Super-Kamiokande [51]. This corresponds to ≈ 1.3
events for 2700 Mt s relevant for detecting a single ther-
mal neutrino, and the rate for spallation products is
higher at least by a factor of 5 than this. Even though
solar neutrinos become much weaker at higher energy
(see also discussions in Ref. [61]), spallation products will
serve as severe contaminants for Hyper-Kamiokande at a
shallow site (but see Refs. [62–64] for possible order-of-
magnitude reduction informed by shower physics). On
the other hand, the higher threshold Emax has to be cho-
sen to avoid decay electrons from invisible muons. The
rate of events from invisible muons (and atmospheric
electron antineutrinos) is expected to be ≈ 220 for 20–
30 MeV and 0.56 Mt years [51]. Thus, it will produce
only ≈ 0.03 event for 2700 Mt s, while the number will
increase to ≈ 0.08 and 0.15 with Emax = 40 MeV and
50 MeV, respectively. Therefore, a reasonable choice may
be Emin ≈ 20 MeV and Emax ≈ 30 MeV, which results in
7TABLE III. Background and the expected number of events for 2700 Mt s relevant for detecting a single thermal neutrino from
binary neutron-star mergers (but note that the waiting exposure depends on the energy window via fE). All the data are taken
from Ref. [51], except for neutral-current quasielastic scattering taken from Ref. [60] by assuming that Gd does not change the
level of this background. We do not include solar and reactor neutrinos severe at E . 10 MeV.
Without Gd (20–30 MeV) With Gd (10–50 MeV)
Decay electron from invisible muons 0.03 0.03
Atmospheric antineutrino 0.003 0.003
Neutral-current quasielastic scattering < 10−3 0.003
Diffuse supernova neutrino background 0.004 0.01
fE ≈ 0.2–0.33 (see Table I). This could be acceptable
but is not very satisfactory. In particular, the number of
mergers required for detecting a thermal neutrino is pro-
portional to f−1E , and thus contamination events increase
accordingly.
If Gd is dissolved successfully, the situation improves
substantially. First, spallation backgrounds as well as
solar neutrinos can be suppressed via neutron tagging.
The lower threshold may be reduced to Emin . 10 MeV
limited by electron antineutrinos from nuclear reactors.
A caveat comes from β−n decay of isotopes such as 9Li
and 8He, which mimics the inverse β decay. Still, it is
suggested that these isotopes could be removed by iden-
tifying preceding neutrons produced during the spalla-
tion [62], and here we optimistically assume that these
isotopes can also be efficiently removed. Because neu-
trinos with E < 10 MeV are minor (see Table I), it will
be sufficient if we could reduce Emin to 10 MeV. Next,
Gd also reduces the events from invisible muons at high
energy by a factor of ∼ 5, and this allows us to choose
Emax = 40–50 MeV with keeping the rate of contamina-
tion to be . 0.02–0.04 for 2700 Mt s taking the reduction
of selection efficiency, fse, into account. These threshold
values give us fE ≈ 0.8.
Recently, quasielastic scattering of neutrinos by oxy-
gen nuclei via neutral-current interactions has been rec-
ognized as a significant source of contamination at low en-
ergy (see, e.g., Ref. [65]). Because this interaction could
mimic inverse β decay via neutron ejection, Gd cannot
be used to suppress this background in a straightforward
manner. This contamination could dominate invisible
muons at . 15 MeV, and the number of events is es-
timated to be ≈ 0.003 for 10–50 MeV and 2700 Mt s ac-
cording to Ref. [60]. We note that this contamination has
not yet been studied extensively, and further reduction
is discussed for detecting the diffuse supernova neutrino
background [65].
One difference from the search of the diffuse supernova
neutrino background is that these neutrinos themselves
serve as contamination in our search. The event rate
is estimated to be ≈ 83 in 10–30 MeV for 0.56 Mt years
with Gd dissolution [51], which corresponds to ≈ 0.01 for
2700 s with a 1 Mt detector, and the contribution from
E > 30 MeV is minor. While the uncertainty is large, it
is not very likely that the realistic diffuse background is
very intense taking present nondetection into account.
The expected number of contamination events per sin-
gle thermal neutrino from binary neutron-star mergers
r and the required energy window are summarized as
follows (see also Table III). If Gd is not dissolved, we
have to choose 20–30 MeV to avoid spallation products
at low energy and decay electrons from invisible muons
at high energy. Taking the increase of required exposure
for a single detection by a factor of 2–3, this will result
in r ∼ 0.05–0.1. If Gd is dissolved, we may be able to
achieve r ≈ 0.03–0.05 adopting 10–40 or 50 MeV. The
lower threshold is determined by reactor neutrinos, and
the higher threshold is determined by invisible muons
now suppressed by a factor of ∼ 5.
B. Toward high significance
The contamination event r ∼ 0.03 for one detection of
thermal neutrinos in 80 years is not hopeless but not very
comfortable. Straightforward improvement comes from
a large detector that will enable us to detect multiple
thermal neutrinos. Here, we would like to discuss other
directions to reduce the contamination further.
For this purpose, dependence of the number of con-
tamination events on various parameters should be ex-
amined. Generally, strong neutrino emission per merger
reduces the required number of mergers and increase the
significance of detections. Thus, large values of fall, E∆t,
and 〈E〉 reduce the number of contamination events. At
the same time, a large number of mergers and a long
observing time window will increase the number of con-
tamination events. Specifically, the expected number of
contamination events per single thermal neutrino from
binary neutron-star mergers is given by
r ∝ ∆tobsD
2
eff
fallE∆t〈E〉 . (9)
Here, dependence on Deff is given by competition be-
tween the volume ∝ D3eff and the period required for
detecting a single neutrino P ∝ D−1eff [see Eq. (8)].
One parameter we can actively choose is ∆tobs, which
also affects E∆t. Because the neutrino luminosity is
higher in the earlier epoch, focusing on a short time
window after the merger is advantageous for increasing
the significance. For example, we may be able to choose
∆tobs = 0.1 s while reducing E∆t only by a factor of ≈ 3.
This gives us r ≈ 0.01 with an obvious price of increasing
8the waiting time by the same factor. Accurate numerical
simulations of neutrino emission will be helpful to deter-
mine an optimal time interval, ∆tobs, and energy thresh-
olds, {Emin, Emax}, for detecting thermal neutrinos with
high significance.
Another parameter we can actively choose is Deff ,
the distance to which we try to observe thermal neu-
trinos from binary neutron-star mergers, or equivalently
the threshold signal-to-noise ratio for gravitational-wave
detections. If we discard distant mergers with weak
neutrino emission, the average fluence of neutrinos per
merger increases. Again, the price is the increase of the
waiting time, P . Because rP 2 is approximately indepen-
dent of Deff , the number of contamination events can be
suppressed relatively efficiently by restricting the range
of Deff with only a modest increase of the waiting time.
Specifically, the waiting time increases only by
√
3 ≈ 1.7
when r is reduced from ≈ 0.03 to ≈ 0.01. The reason for
this is that we selectively keep nearby binary neutron-star
mergers with large fluences of neutrinos. Therefore, we
expect that observing binary neutron-star mergers within
Deff . 120 Mpc with ∆tobs ≈ 1 s may be close to the op-
timal strategy. This consideration on Deff immediately
means that high-sensitivity gravitational-wave detectors
such as the Einstein Telescope [66] and Cosmic Explorer
[67] will not necessarily be helpful to detect thermal neu-
trinos, because the significance can be kept high only
when we focus on nearby mergers.
The level of contamination will be independent of the
merger rate, R, because it is irrelevant to the neutrino
energy emitted during ∆tobs. While the merger rate crit-
ically affects the waiting time, P , its uncertainty does
not affect the significance of neutrino detections achieved
with our strategy. We also do not expect that the value
of MT changes the significance of each detection of a
thermal neutrino.
V. PHYSICS IMPLICATION
Even though we may be able to detect only a single
thermal neutrino, it offers a unique opportunity to ex-
tract various information. In this section, we describe its
possible implication to physics and astrophysics of neu-
trinos.
A. Energy scale of the neutrino emission
We can infer the energy scale of the neutrino emission
by counting the number of mergers that we collect to
detect a single thermal neutrino. Figure 3 shows the
confidence interval of the neutrino energy that typical
binary neutron-star mergers emit during ∆tobs, namely
E∆t. We may be able to narrow down the energy scale to
about an order of magnitude with 68% confidence even
accounting for a factor of ≈ 2 uncertainty in the typical
energy, 〈E〉.
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FIG. 3. Confidence interval of the neutrino energy emitted
in ∆tobs as a function of the number of binary neutron-star
mergers observed until the first detection. The upper and
lower solid lines denote the estimates under the assumption
of 〈E〉 = 10 MeV and 20 MeV, respectively.
While this constraint is crude, this gives us a unique
opportunity to characterize the emission of thermal neu-
trinos from binary neutron-star mergers in a quantita-
tive manner. In particular, this constraint is the most
direct route to infer the nature of the merger remnant,
e.g., formation of a long-lived neutron star. Emission
with & 1052 erg supports formation of massive neutron
stars as a typical remnant of binary neutron stars rather
than a prompt collapse, whereas formation of a massive
black hole accretion disk with & 0.1M is not strictly
excluded. The upper limit on E∆t will reject extraor-
dinary emission of thermal neutrinos. If E∆t is smaller
than, say 1052 erg, it would indicate that either the neu-
trino emission is relatively weak or the merger remnant
rapidly collapses to a black hole. The former will be true
if the neutron-star equation of state is very stiff so that
the collision does not increase the temperature very much
or if the viscosity does not play an important role to heat
up the remnant material. The latter should indicate that
the maximum mass of the neutron star is not very large,
say very close to 2M.
B. Constraining the neutrino mass
Once we detect a thermal neutrino by monitor-
ing multiple mergers, we can identify the progenitor
gravitational-wave source from time coincidence in a
straightforward manner. One possible concern is that
neutrinos may be delayed substantially from gravita-
9tional waves due to their finite masses so that the time
coincidence becomes loose or completely lost (say, time
delay longer than a day). Specifically, the velocity of
neutrinos with the momentum p is given by
v
c
≈ 1− m
2
νc
2
2p2
(10)
for a neutrino mass mν  p/c ≈ E/c2. By contrast,
because the dispersion relation of gravitational waves, or
gravitons, is securely constrained to be that of massless
particles with an upper limit of ≈ 10−22 eV/c2 on the cor-
responding graviton mass [38], we can safely assume that
gravitational waves propagate with the speed of light.4
Thus, the expected time delay of neutrinos relative to
gravitational waves is written as
∆td =
(
1− v
c
) D
c
(11)
≈ 0.51 s
(
D
100 Mpc
)(
mνc
2
0.1 eV
)2(
E
10 MeV
)−2
.
(12)
This expression implies that the time delay can be-
come problematic only for low-energy neutrinos from a
very distant merger. Hereafter, the three mass eigenval-
ues are denoted as m1, m2, and m3. Because m1 (≈ m2)
should be smaller than 0.1 eV/c2 taking the squared
mass difference |∆m231| ≈ |∆m232| ≈ 2.5× 10−3 eV2/c4 =
(0.05 eV/c2)2 [68] and an upper limit on the sum of three
mass eigenvalues
∑
i=1,2,3mi . 0.2 eV/c2 inferred from
the Planck measurement combined with baryon acous-
tic oscillation measurements [69], the realistic time delay
should be much smaller than the assumed duration of
each analysis, ∆tobs ≈ 1 s, particularly for normal hierar-
chy. Even if the hierarchy is inverted, the dominant part
with m1 ≈ m2 is marginally able to produce ∆td & 1 s
with a “worst” combination of parameters. This fact
means that the time delay will not substantially degrade
the performance of our strategy for neutrino detections.
Accordingly, we do not have to worry seriously about the
reduction of fosc due to broadening in time of neutrino
light curves and corresponding decrease of the flux caused
by the mass differences.
Conversely, if we could detect a neutrino and measure
its time delay ∆td relative to the merger, or relative time
of flight, we can impose an upper limit on the absolute
neutrino mass of the lightest eigenstate5 from the condi-
tion that the mass should not produce time delay longer
4 It should be cautioned that frequency-independent modification
of the speed of gravity cannot be constrained meaningfully from
current gravitational-wave observations. We neglect this anoma-
lous case. The constraint obtained by comparing GW170817 and
GRB 170817A is not sufficient for our purpose [9].
5 Because m3 is coupled only very weakly to the electron-type
neutrino [68], we may be able to constrain the mass of m1 ≈ m2,
which is not the lightest for inverted hierarchy. We try to be
conservative here, because the neutrino oscillation is the source
region is not fully understood.
than ∆td. Quantitatively, we immediately derive
mνc
2 .
√
2c∆td
D
E (13)
≈ 44 meV
(
∆td
0.1 s
)1/2(
D
100 Mpc
)−1/2(
E
10 MeV
)
.
(14)
Here, we adopt ∆td = 0.1 s somewhat optimistically,
and we believe that we have a good chance to obtain
this value because of the higher luminosity in the earlier
epoch [17, 19]. In principle, ∆td ≈ 1 ms can be achieved,
where the limitation comes from the timing accuracy
of gravitational-wave detectors. Hyper-Kamiokande will
determine the arrival time of neutrinos much more accu-
rately than 1 ms.
The measurement error of the distance, D, could de-
grade the constraint significantly. Gravitational-wave de-
tectors will determine the distance within an error of
≈ 50% [31], and thus the constraint on the neutrino
mass will be loosened by ≈ 25%. The accuracy of the
distance measurement can be improved by an order of
magnitude and thus become negligible if we detect elec-
tromagnetic counterparts, which can be searched for after
prompt identification of a coincident neutrino.
Equation (14) suggests that we might be able to con-
strain the absolute neutrino mass of the lightest eigen-
state to . O(10) meV/c2 by detecting a thermal neutrino
from binary neutron-star mergers. It would be worth-
while to compare this value with other proposals for con-
straints. (i) Supernova. This limit is tighter by an or-
der of magnitude than eV-scale constraints envisioned for
supernova observations both without gravitational waves
[70, 71] and with gravitational waves [72]. The primary
reason of this improvement is that binary neutron stars
merge at cosmological distances of & 100 Mpc, which
should be compared with the length scale of our Galaxy,
10 kpc. (ii) Direct measurements. The KATRIN exper-
iment is now planning to measure directly the effective
mass of electron neutrinos down to mνe,eff ≈ 0.2 eV/c2
via the β decay of the tritium [73], although it is not fair
to compare future observations on a time scale of ≈ 30–
100 years considered in this study with ongoing experi-
ments. Double β decay experiments can also constrain
the mass of neutrinos to sub-eV if they are Majorana
particles, but this limit does not apply to Dirac neutri-
nos (see Ref. [74] for reviews). (iii) Cosmology. Our con-
straint is comparable to current cosmological constraints
[69, 75] (see also Ref. [76, 77]). Taking the potential un-
certainty of cosmological models into account (see, e.g.,
Ref. [78]), the independent constraint from the relative
time-of-flight will be invaluable.
VI. SUMMARY
We presented a long-term strategy to detect thermal
neutrinos emitted from the remnant of binary neutron-
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star mergers with a future M-ton water-Cherenkov de-
tector such as Hyper-Kamiokande [51, 52]. Although the
detection from a single merger is not expected and the
diffuse neutron-star-merger neutrino background will be
hidden by other neutrinos, monitoring multiple merg-
ers only for ∆tobs ≈ 1 s each by using timing informa-
tion from gravitational-wave detectors could give us a
chance of detection with a human time-scale operation
of ≈ 80 Mt years. Contamination from other sources of
neutrinos may be reduced to ≈ 0.03 with Gd dissolution.
We may be able to reduce the contamination further to
≈ 0.01 with an increase of the waiting time by only a fac-
tor of ≈ 1.7 by focusing only on slightly nearby mergers.
Ultimately, the chance of detections can be increased by a
large effective volume of neutrino detectors, and possible
more-than-M-ton class detectors such as Deep-TITAND
[28] and MICA [29] will enable us to detect thermal neu-
trinos from multiple binary neutron-star mergers.
The direct detection will qualitatively confirm the for-
mation of a hot remnant after the merger of binary neu-
tron stars and verify current theoretical pictures. More-
over, the energy scale of the neutrino emission can be
constrained from the number of mergers that we collect
to detect a single neutrino, and the formation of rem-
nant massive neutron stars could be strongly supported
or disfavored. Because distances to binary neutron-star
mergers are expected to be cosmological (& 100 Mpc), we
could obtain meaningful upper limits, . O(10) meV/c2,
on the absolute neutrino mass of the lightest eigenstate
from the time delay relative to gravitational waves, which
are now securely considered to propagate with the speed
of light.
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Appendix A: Computation of fΩ
The strain received by a gravitational-wave detector
like Advanced LIGO is given by (see, e.g., Ref. [79])
h(θ, ϕ, ı, ψ) = F+(θ, ϕ, ψ)h+(ı)+F×(θ, ϕ, ψ)h×(ı). (A1)
The antenna pattern functions {F+, F×} depend on the
position of the source on the sky (θ, ϕ) and the so-called
polarization angle ψ that dictates the orientation of the
source in the sky plane with respect to the detector as
F+ =
1
2
(1 + cos2 θ) cos 2ϕ cos 2ψ − cos θ sin 2ϕ sin 2ψ,
(A2)
F× =
1
2
(1 + cos2 θ) cos 2ϕ sin 2ψ + cos θ sin 2ϕ cos 2ψ.
(A3)
For a quadrupolar gravitational-wave source with the in-
clination angle ı, we have
h+ = h0
1 + cos2 ı
2
cos(ωt) , h× = h0 cos ı sin(ωt), (A4)
where h0 and ω are the amplitude and frequency of gravi-
tational waves, respectively. To separate geometrical pa-
rameters from intrinsic properties of the source, it is use-
ful to define
w ≡
√
(1 + cos2 ı)2
4
F 2+(θ, ϕ, ψ) + cos
2 ıF 2×(θ, ϕ, ψ),
(A5)
where w ≤ 1. The inequality is saturated for face-on
binaries (ı = 0 or pi) along the normal direction to the
detector plane (θ = 0 or pi). The horizon distance DH
is defined as the maximal distance at which the signal
is detectable with a threshold signal-to-noise ratio and is
realized for w = 1.
The detectable volume is given in terms of the horizon
distance, DH , by averaging over the binary orientation
(ı, ψ) and integrating over the sky position (θ, ϕ) as
V ≡ 1
4pi
∫
ıψ
∫
θϕ
∫ DHw
0
r2drdΩθϕdΩıψ, (A6)
and the effective range of the detector is related to the
detectable volume by V = 4piD3eff/3. The integral can be
evaluated numerically as
1
(4pi)2
∫
ıψ
∫
θϕ
w3dΩθϕdΩıψ ≈ 1
(2.26)3
, (A7)
and this shows that Deff ≈ DH/2.26. This should be
compared with Deff = DH for a hypothetical case with
w = 1 in all the directions and orientations.
The neutrino flux and fluence are proportional to D−2,
and the average fluence of neutrinos from all the mergers
detectable by gravitational waves is given by
Save =
E∆t
4piV
× 1
4pi
∫
ıψ
∫
θϕ
∫ DHw
0
drdΩθφdΩıϕ. (A8)
For a hypothetical case with w = 1 in all the direc-
tions and orientations, this gives us Save = E∆tDH/V =
E∆tDeff/V . For the realistic antenna pattern, we numer-
ically obtain
1
(4pi)2
∫
ıψ
∫
θϕ
wdΩθϕdΩıψ ≈ 0.352, (A9)
11
and the average fluence of neutrinos is found to be re- duced by a factor of 0.352 × 2.26 ≈ 0.797 compared to
the hypothetical case for a given value of Deff .
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